In the past few years, several protocols have been reported on the synthesis of CdSe nanoplatelets with narrow photoluminescence (PL) spectrum, high PL quantum efficiency, and short exciton lifetime. The corresponding core/shell nanoplatelets are however still mostly based on CdSe/CdS, which possess an extended lifetime and a strong red shift of the band-edge absorption and emission, in accordance with a quasi-type-II band alignment. Here we report on a robust synthesis procedure to grow a ZnS shell around CdSe nanoplatelets at moderate temperatures of 100−150°C, to improve the optical properties of CdSe nanoplatelets via a type-I core/ shell heterostructure. The shell growth is performed under ambient atmosphere, in either toluene or 1,2-dichlorobenzene. The variation of the shell thickness induces a continuous red shift of the PL peak, eventually reaching 611 nm. The PL quantum efficiency is increased compared to the original CdSe cores, with values up to 60% depending on the shell thickness. High-resolution transmission electron microscopy reveals a bending of the nanoplatelets caused by strain due to 12% lattice mismatch between CdSe and ZnS. The present procedure can easily be translated to other core/shell nanocrystals, such as CdSe/CdS and CdSe/ CdZnS nanoplatelets.
■ INTRODUCTION
The first syntheses of colloidal semiconductor nanocrystals (NCs) have been published several decades ago. 1−3 Due to their small size, they experience strong quantum confinement in all dimensions and are therefore also referred to as quantum dots (QDs). Already early on, their size-and shape-dependent band structure made them excellent candidates to study exciton dynamics in confined systems, 4−7 and to use them in optoelectronic and photonic applications 8, 9 such as lightemitting diodes, 10 solar cells and photodetectors, 11, 12 or fluorescent dyes. 13 Nanometer-sized QDs contain a significant number of surface atoms. The exposure of such a large surface to the environment often leads to oxidation and carrier trapping at the surface, generally leading to a reduced photoluminescence quantum efficiency (PL QE). To prevent this, procedures have been developed to deposit a protective shell of another semiconductor material around the NC core, increasing the PL QE and reducing the contribution of trap states to the electron−hole recombination. 14−17 Starting from a CdSe core, typical materials used for the shell growth are ZnS 14, 15 or CdS. 16, 17 Depending on the choice of core and shell material, the PL QE and carrier dynamics can be tuned via the lattice mismatch, which for instance plays an important role in the density of interface traps, 18, 19 and the valence and conduction bands offset, which determines the extent of carrier delocalization and hence the electron−hole overlap in the final core/shell NCs. 16, 17 To increase the radiative decay rate in semiconductor QDs, recent efforts have been directed at the growth of (quasi-)2D nanoplatelets (NPLs), typically composed of CdSe. 20, 21 Narrow PL spectra with full widths at half-maximum (FWHM) of 8−9 nm 20,22 compared to 22−30 nm for CdSe QDs with similar emission wavelength (Supporting Information, SI, Figure S1 ), a large oscillator strength of the band-edge transition, 20, 23, 24 and few-nanosecond PL lifetime at room temperature 20 make NPLs suitable for low-threshold amplified emission and lasing, 25−30 quantum emission, 31 and strong light−matter interactions. 32 They have been successfully assembled into long stacks 33 and needles, 34 leading to Forster resonance energy transfer between different NPLs that can occur on a picosecond time scale. 35, 36 NPL heterostructures mainly come in two forms. Core/ crown NPLs have extended lateral dimensions after shell growth while maintaining the same thickness as the original core, and exist as CdSe/CdS type-I 37, 38 and CdSe/CdTe type-II heteroNPLs. 39 However, they leave a large part of their surface area exposed. Core/shell NPLs, with the shell grown on top and bottom facets, can also be synthesized 40, 41 and have already demonstrated high PL QEs, 31 a suppressed PL intermittency (blinking), 31 and applications in oxygen sensing 42 or lasing. 28−30 Such NPLs are, with the exception of the CdSe/ Cd x Zn 1−x S NPLs, 31 typically based on CdSe/CdS, which, due to the small conduction band offset, are in a quasi-type-II regime with a strong electron delocalization and consequently a reduced electron−hole overlap and extended PL lifetime. 30 Therefore, core/shell NPLs with a type-I band alignment would be highly desirable. Here we report on a novel heat-up procedure to synthesize a ZnS shell around CdSe core NPLs, yielding an improved PL QE compared to the original CdSe NPLs, and increased PL stability of NPL close-packed films under ambient conditions. We used a single-source precursor route based on zinc diethyldithiocarbamate (Zn(DDTC) 2 ), which decomposes at relatively low temperatures in the presence of amine 43−45 so that a synthesis temperature of 100−150°C could be maintained. The core/shell NPLs are characterized with X-ray diffractometry, transmission electron microscopy (TEM), and optical spectroscopy. Growing the shell with different precursor concentrations leads to a continuously tunable band-edge absorption and PL, with an emission that is red-shifted from 508−514 nm up to 593−611 nm, depending on the initial core dimensions and final ZnS shell thickness. This trend is confirmed by k·p calculations, which highlight that the 2D NPL shape leads to a significant reduction of the electron and hole self-energy after ZnS shell growth, yielding a stronger red shift of the band edge compared to CdSe/ZnS QDs. 2 , 97%), carbon disulfide (CS 2 , 99.9%), sodium sulfide (Na 2 S), oleic acid (90%), oleylamine (70%), didodecyldimethylammonium bromide (DDAB, 98%), formamide (FA, 99.5%), hexane (≥95%), toluene (99.7%), 1.2-dichlorobenzene (DCB, 99%), acetonitrile (99.8%), ethanol (≥99.8%), and methanol (99.9%) were purchased from Sigma-Aldrich. N-Trioctylphosphine (TOP, 97%) and cadmium oxide (99.999%) were purchased from Strem Chemicals.
Cd(DDTC) 2 Preparation. Two millimolar sodium diethyldithiocarbamate was dissolved in 5 mL of methanol and added at room temperature to a 5 mL solution containing 1 mM Cd(NO 3 ) 2 in methanol while stirring. A white precipitate of cadmium diethyldithiocarbamate (Cd(DDTC) 2 ) formed, which was collected by centrifugation at 5500 rpm, rinsed three times with methanol, and dried at 60°C for 12 h.
ZnS Shell Growth in Toluene. First, CdSe core NPLs were synthesized according to previously reported procedures (synthesis with dry Cd-acetate). 46 In a typical shell growth, for instance targeting a four monolayer (ML, 1 ML is taken as 0.31 nm) ZnS shell, a 200 μL, 2.26 μM, 47 hexane solution of CdSe NPLs (sample 1) was loaded in a 5 mL vial together with 2 mL of toluene. Next, 20 μL of a mixture of 0.5 M ZnCl 2 in oleylamine (preheated to 50°C), 20 μL of TOP, 2 μL of CS 2 , and 3.5 mg of Zn(DDTC) 2 were added. The vial was placed on a hot plate at 110°C (as measured with a thermocouple inserted in a reference solution), with the solution being stirred gently. After approximately 1 h, the sample was cooled to room temperature and subsequently precipitated and redispersed three times, using 2 mL of acetonitrile or methanol as nonsolvent and centrifuging the sample at 5500 rpm for 3 min. Finally the core/shell NPLs were suspended in hexane. In case of significant conucleation of small ZnS clusters (SI, Figure S2 ), we used n-isopropanol to precipitate the sample and 2 min of sonication to redisperse the NPLs. After that we precipitated the NPLs again by centrifugation at 3000 rpm for 30 min and finally redispersed the NPLs in hexane. To obtain different ZnS shell thicknesses, we varied the amounts of injected precursors. For instance, 100 μL of a mixture of 0.5 M ZnCl 2 in oleylamine (preheated to 50°C), 100 μL of TOP, 10 μL of CS 2 , and 16 mg of Zn(DDTC) 2 can be used to target a 12 ML ZnS shell.
ZnS Shell Growth in DCB. To obtain a thicker ZnS shell, we performed the synthesis in DCB at a temperature of 150°C. Here we describe a typical procedure, to target a ZnS shell of 14 ML. Other thicknesses can be obtained by injecting different amounts of precursors. CdSe NPLs dispersed in hexane were mixed with DCB at room temperature and subsequently heated under ambient atmosphere on a hot plate. When the temperature of CdSe NPLs (200 μL at 2.26 μM 47 for sample 1) in DCB reached 150°C, we injected with a syringe pump a mixture of 120 μL of 0.5 M ZnCl 2 in oleylamine (preheated to 50°C), 120 μL of TOP, 12 μL of CS 2 , and 20 mg of Zn(DDTC) 2 dissolved in 1 mL of DCB. The injection rate was set at 1 mL/h. After synthesis, we used the same purification procedure as described for the toluene-based synthesis.
CdS Shell Growth in Toluene and DCB. To grow a 6 ML CdS shell, a 200 μL, 2.26 μM, 47 hexane solution of CdSe NPLs (sample 1) was loaded in a 5 mL vial together with 2 mL of toluene. Next, 35 μL of a mixture of 0.5 M CdCl 2 in oleylamine (preheated to 100°C), 35 μL of TOP, 3.5 μL of CS 2 , and 7.0 mg of Cd(DDTC) 2 were added. The vial was placed on a hot plate at 110°C with the solution stirred gently. After approximately 1 h, the sample was cooled to room temperature and subsequently precipitated as described above. Finally the NPLs were dissolved in hexane.
CdZnS Shell Growth in DCB. To obtain a CdZnS shell, we performed the synthesis in DCB at a temperature of 150°C. When the temperature of CdSe NPLs (200 μL at 2.26 μM, sample 1) in DCB was established, we injected, with a syringe pump, a mixture of 120 μL of 0.5 M ZnCI 2 in oleylamine (preheated up to 50°C), 120 μL of TOP, 12 μL of CS 2 , and 20 mg of Cd(DDTC) 2 dissolved in 1 mL of DCB. The injection rate was set at 1 mL/h. After the shell growth, the samples were purified as described above.
c-ALD Growth of ZnS and CdS Shells. CdSe/ZnS core/shell NPLs were synthesized at room temperature using colloidal atomic layer deposition (c-ALD). 41 Two hundred microliters of CdSe NPLs (concentration of 2.6 μM) 47 dispersed in hexane was mixed with 1 mL of toluene. Next 1 mL of a 0.1 M solution of Na 2 S in FA was added. The two-phase mixture was vigorously stirred for 15 min to transfer the NPLs to FA. Then the CdSe-S NPLs were precipitated with ethanol and centrifuged at 5500 rpm. After redispersion in 1 mL of FA, 1 mL of a 0.1 M solution of DDAB in toluene was added, and the solution was stirred for 15 min to transfer the NPLs from FA to toluene. The NPLs were precipitated again with ethanol and redispersed in toluene. To deposit a layer of zinc, we injected 10 μL of a preheated 0.5 M ZnCl 2 solution in oleylamine and stirred for 20 min. Finally, the CdSe/ZnS NPLs were precipitated with acetonitrile and redispersed in hexane. The procedure above was repeated until the desired number of layers was obtained, and the NPLs were finally dispersed in hexane.
CdSe/CdS core/shell NPLs were synthesized with room temperature c-ALD. 41, 42 The first sulfur layer was added by transferring 300 μL of CdSe NPLs (concentration of 1 μM) 47 from hexane to 1 mL of FA, to which 100 μL of Na 2 S (0.5 M) was added. After phase separation the polar solution was isolated. Ethanol was added to precipitate the NPLs. After centrifugation at 6000 rpm for 1 min, the precipitate was recovered and dried with nitrogen. Next, NPLs were redispersed in 1 mL of FA. The precipitation was repeated in order to remove excess sulfur. To grow the first layer of cadmium, 1 mL of a 0.5 M cadmium acetate solution in FA was added, and the solution stirred for 1 h. The NPL dispersion was purified as described above, and the NPLs were redispersed in 1 mL of FA. The procedure was repeated until we reached the desirable shell thickness. The final core/shell NPLs were dispersed in 2 mL of toluene with the addition of 180−250 μL of cadmium oleate (0.5 M solution in oleic acid) to stabilize them. Excess oleic acid and cadmium oleate were removed by precipitating the NPLs with acetonitrile, centrifugation, and redispersion in toluene.
Structural Characterization. X-ray diffraction (XRD) analysis was performed on a PANanalytical Empyrean X-ray diffractometer equipped with a 1.8 kW CuKα ceramic X-ray tube, PIXcel 3D 2 × 2 area detector and operating at 45 kV and 40 mA. Samples for the XRD measurements were prepared in a glovebox by dropping a concentrated NPL dispersion onto a miscut silicon substrate. The diffraction patterns were collected using Parallel-Beam (PB) geometry and symmetric reflection mode.
Conventional TEM images were acquired on a JEOL JEM-1011 microscope equipped with a thermionic gun at 100 kV accelerating voltage. Samples were prepared by dropping NPL suspensions onto carbon film-coated 200 mesh copper grids. The high resolution TEM (HR-TEM) images were acquired on a 200 kV TEM microscope (JEOL JEM-2200FS) equipped with a spherical aberration corrector (CEOS) for the objective lens, an in-column image filter (Ω-type). Samples were prepared by dropping NPLs suspensions onto holey carbon film-coated 400 mesh copper grids. High-angle annular darkfield scanning transmission electron microscope (HAADF-STEM) images were collected to measure the NPL shell thickness on 8−26 core/shell NPLs. We performed three−four measurements of the thickness along the core/shell NPLs to account for shell thickness variation. A Bruker Quantax 400 energy dispersive X-ray spectrometry (EDS) system with an XFlash 5060 detector was used for the elemental analysis. The EDS elemental maps of NPLs shown are for the Cd Lα, Se Kα, Zn Kα, and S Kα lines, respectively. Geometric phase analysis (GPA) revealed the variation in the periodicities of the HR-TEM contrast via analysis of the local components in the Fourier transform of the image. 48 This method was applied to HR-TEM images of core/shell NPLs, and by selecting an "unstrained" core area in the HR-TEM image as reference, we rendered a mean dilation map.
NMR Analysis. 1 H nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance III 400 NMR spectrometer, equipped with a BBI inverse probe and Z-gradients, using deuterated solvents. Toluene-d 8 (99.96% atom D, 1 mL vial) and chloroformCDCl 3 (99.96% atom D, 1 mL vial) were supplied by Sigma-Aldrich. The data analysis was performed using MestReNova software version 7.1.
Optical Characterization. Absorbance spectra were recorded using a Varian Cary 3000 UV−vis spectrophotometer. Steady-state and time-resolved PL emission spectra were measured using an Edinburgh Instruments FLS920 spectrofluorometer. The steady-state PL was collected by exciting the samples at 390 nm with a xenon lamp. The PL decay traces were recorded by exciting the samples at 405 nm using a 50 ps laser diode at a repetition rate of 0.05−1 MHz, to ensure complete decay of the emission between the excitation pulses. The data were collected at the PL peak position with an emission bandwidth of 10 nm. PL QE measurements were performed with an integrating sphere.
k·p Calculations. The NPL ground excitonic states were obtained by solving the corresponding 3D effective mass Schrodinger equation (see also SI, section theoretical outline). The Hamiltonian takes into account: (i) the anisotropy of the effective masses and their dependence on the NPL thickness; 49 (ii) finite core/shell conduction and valence band offsets allowing for exciton leakage into the shell; (iii) different core and shell effective masses; and (iv) the single-and two-particle Coulomb interaction terms stemming from the dielectric mismatch between the NPLs and the organic ligands. 50 The variational wave function describing the exciton reads Ψ(r e, r h ) = Nc(r e )c(r h )
and L y being the in-plane dimensions of the NPLs), and α is the variational parameter to optimize. The transversal (z) components of the electron and hole wave functions θ i were obtained numerically by means of a finite differences scheme. SI, Table S1 , summarizes the values of the parameters employed in the calculations. To confirm the robustness of the results, we verified their dependence on moderate variations of the main parameters involved. By way of example, a variation of the CdSe/ ZnS band offsets from 1.44 eV (electrons) and 0.6 eV (holes) to 1.04 and 1.0 eV (variation of −28% and +67%, respectively) increased (decreased) the estimated red shift (the electron−hole overlap) by no more than 6%.
■ RESULTS AND DISCUSSION
The ZnS shell growth is demonstrated on CdSe NPLs that emit around 515 nm, which are ca. 1.2 nm thick 25 (SI, Figure S3 ). As a starting point for the ZnS shell formation, we added 10−50 μL of a 0.5 M ZnCl 2 solution in oleylamine and 1−5 μL of CS 2 to a dispersion of 200 μL of 2.26 μM CdSe NPLs in toluene (starting from CdSe sample 1, SI, Figure S3 ). When heating this mixture up to 110°C under ambient (open air) conditions, CS 2 reacts with oleylamine yielding thiocarbamic acid, which in the presence of Zn-ions forms a Zn-thiocarbamate salt. 51 The in situ formed single-source precursor then decomposes, which can occur already at temperatures around 50−80°C, 43−45 and forms a layer of ZnS around the CdSe NPLs. After shell growth, the band-edge absorption and PL spectra show a red shift of 60 nm (Figure 1 and SI, Figure S4 ). Note that similar, yet smaller red shifts have been observed previously with CdSe/ZnS QDs, 14 CdS/ZnS QDs, 44 and CdSe NPLs passivated with Znoleate, 52 supporting the formation of the ZnS shell. Instead of relying solely on the in situ generation of singlesource precursors, improved results were obtained when we replaced 50 mol % of CS 2 and ZnCl 2 with an equivalent amount (calculated based on the Zn-concentration) of Zn(DDTC) 2 . The inclusion of this short-chained precursor yielded a similar PL spectral position of 571 nm after ZnS shell growth, yet with sharper band-edge absorption and PL features, and a higher PL QE, which increased from 13% for the first procedure to 30% when using Zn(DDTC) 2 (Figure 1) .
The role of the precursors was further investigated with 1 H NMR spectroscopy. First, as already mentioned, CS 2 reacts with oleylamine to form a dithiocarbamic acid, which yields the S-precursor for the shell growth. Indeed, after mixing equimolar amounts of oleylamine and CS 2 , specific resonances at 3.7 and 7.6 ppm appear that correspond to the −NH− and − SH protons, respectively ( Figure 2 ). In addition, CS 2 is a volatile species. However, as indicated by the saturated red color of a solution, obtained after mixing CS 2 and TOP (SI, Figure S5 ), these two chemicals form a phosphorus−carbon ylide complex. 53 After addition of oleylamine, the solution again becomes transparent within 15 min, and the 1 H NMR spectrum confirms the formation of dithiocarbamic acid ( Figure 2 ). As the chemical shift of all NMR peaks is comparable to the first case, we can conclude that TOP serves to form an intermediate complex with CS 2 , which can reduce the loss of CS 2 due to evaporation during synthesis, while it does not alter the formation of the final dithiocarbamic acid.
Chemistry of Materials
To further confirm that every precursor is required for core/ shell NPLs with high and stable PL QE, we also systematically excluded each of them during the ZnS shell growth. We targeted a deposition of 4 ML of ZnS, growing the shell via the Zn(DDTC) 2 -based heat-up reaction in toluene at 110°C. We started from CdSe NPL sample 1, and the reaction proceeded for 1 h as described above. We dropcasted the resulting CdSe/ ZnS NPLs as a close-packed thin film onto a glass substrate, and examined their optical stability under ambient conditions for 60 days by monitoring the PL under UV illumination (Figure 3a) . Absorption and PL spectra were collected on the corresponding solutions (Figure 3b ). When excluding ZnCl 2 or TOP, we observed a PL red shift to only 544 and 561 nm, respectively, which indicates the growth of a thinner layer of ZnS around CdSe NPLs compared to the full procedure. In absence of CS 2 the first excitonic peak shifted to 560 nm; hence, the oleyl-carbamic acid precursor is not necessary to grow a thick shell. However, we did not detect any fluorescence, suggesting poor surface passivation of the latter sample possibly due to the absence of long-chained ligands. Finally, it is clear that the ZnS shell is most stable when it is deposited including all precursors. The red shift upon shell growth is highest in this case, reaching 567 nm, and the closepacked thin films did not show any significant decay of the PL upon storage of the samples for 60 days.
The ZnS shell thickness can be varied by performing the shell growth with different concentration of Zn-and S-precursors (Figure 4) . Targeting a given shell thickness between 2 and 14 ML, we mixed the corresponding precursors at room temperature with a 2.26 μM CdSe NPL dispersion in toluene and heated the reaction again to 110°C. For instance, to grow a 2 ML (14 ML) ZnS shell around 36.5 nm by 10 nm CdSe NPLs (sample 1), we added 30 μL (150 μL) of a 0.5 M ZnCl 2 solution in oleylamine, 30 μL (150 μL) of TOP, 2.5 μL (10 μL) of CS 2 , and 2 mg (100 mg) of Zn(DDTC) 2 . We used a larger relative amount of Zn(DDTC) 2 when increasing the targeted ZnS shell thickness, to be able to maintain a low concentration The full synthesis corresponds to the right-most film (e). The PL was monitored over time when storing the samples under ambient conditions. The CdSe/ZnS sample that was synthesized using all precursors (film e) clearly shows the largest red shift (yellow emission), and the highest optical stability after storage for 60 days. (b) Absorbance and photoluminescence spectra of the corresponding samples (with exclusion of b, ZnCl 2 ; c, TOP; d, CS 2 ). In the latter case, no PL was measured. Still, toluene limits the growth temperature, thus possibly the ZnS conversion yield, as it has been demonstrated that higher growth temperatures benefit the Zn(DDTC) 2 decomposition. 44 Therefore, to further increase the shell ZnS thickness we performed the synthesis in DCB and raised the temperature to 150°C. To avoid separate nucleation of ZnS, we first heated the NPLs to the final growth temperature, after which we injected the precursors continuously by syringe pump over the course of 1 h. We used the same precursors as for the heat-up synthesis in toluene, now dissolved in DCB (see Experimental Section). With this approach, we were able to red shift the PL peak position by almost 100 nm, to 611 nm, when we targeted a ZnS shell thickness of 14 ML (Figure 4b,d ). Further analysis of the optical spectra revealed that the PL FWHM is slightly larger after shell growth, with values of 20−23 nm compared to 9 nm for CdSe core-only NPLs ( Figure S3 ). TEM images showed that, when using toluene as the reaction medium, the final CdSe/ZnS NPLs preserve their original shape (Figure 4e ). However, when growing a thicker ZnS shell in DCB, the final core/shell NPLs had a slightly more irregular shell (Figure 4f) . A series of samples synthesized in DCB with different targeted shell thickness was imaged by HAADF-STEM and confirmed the irregular shell growth (SI, Figure S6 ), possibly induced by strain at the core/shell interface preventing epitaxial growth for thicker ZnS layers. From the average thickness we estimated a typical conversion yield, of precursors into ZnS shell, of 37%, yielding an average thickness about half of the targeted value.
As a consequence of the continuous shift of the PL peak, the CdSe/ZnS core/shell NPLs demonstrate a wide emission color range from 560 nm for a thin ZnS shell, up to 611 nm for the thickest ZnS shell (Figure 4g ). To evaluate the PL QE, we also prepared two series of CdSe/ZnS NPLs with a targeted shell thickness up to 11 ML following the continuous injection in DCB. The PL QE increases first to values of about 60% for a targeted 3−5 ML ZnS shell, followed by a monotonic decrease when the shell thickness grows larger (SI, Figure S7 , Table S2 ). This is likely correlated with the increase in surface roughness introduced in samples with a thicker ZnS shell, leading to a larger defect density.
A more detailed investigation of the CdSe/ZnS core/shell NPLs was performed with HR-TEM, HAADF-STEM, and XRD. Zero-loss filtered HR-TEM images of core−shell NPLs with a thin shell (synthesized in toluene with a target thickness of 6 ML) and with a thick shell (synthesized in DCB with a target thickness of 14 ML) are shown in Figure 5a ,c, respectively. From HAADF-STEM images of few upstanding NPLs (e.g., Figure 5e ), we measured that in toluene the synthesis yields only a 2 ± 0.5 ML shell. In contrast, the shell obtained in DCB is much thicker (SI, Figure S6) ; in this particular case we even obtained 16 ± 2 ML of ZnS. Here the experimental shell thickness exceeded the target value; however, considering the increased variation in shell thickness along the NPL surface, as was already apparent from the conventional TEM image (Figure 4f ), we may slightly overestimate the shell thickness.
The fast Fourier transform (FFT) of core and shell regions show that the crystal phase is cubic for both CdSe and ZnS (Figure 5a,c) , with an epitaxial relationship between core and shell, except for the outer domains of the thick-shell sample that are polycrystalline. The XRD pattern for CdSe NPLs (Figure 5f ) confirms the zinc blende crystal phase, with characteristic peaks of CdSe at 25.2°({111} plane), 41.4°( {220} plane), and 49.2°({311} plane), at slightly smaller angles compared to bulk CdSe, suggesting a 1.5% lattice dilation. 54 After deposition of 2 ML of ZnS shell, the CdSe/ ZnS NPLs yielded XRD peaks for the CdSe core region that are shifted to 26.7°, 44.7°, and 52.7°, respectively, implying a 4.9% lattice contraction following shell growth due to compressive strain of the ZnS shell. The peaks that can be associated with the ZnS shell region occur at angles of 28.7°, 47.6°, and 56.2°, respectively, which agree with bulk ZnS. The absence of lattice dilation is possibly due to the larger bulk modulus of ZnS compared to CdSe. 55 The large lattice mismatch between CdSe and ZnS is further highlighted by GPA (Figure 5b,d ) of the HR-TEM images. By selecting an area in the core CdSe region in the HR-TEM image as a reference, the mean dilation maps clearly reveal the core−shell structure, with the CdSe region corresponding to the red area and the ZnS shell shown in green. Note that in these measurements the relative dilation (−12% in the green area relative to the central area) is more closely matched with the lattice mismatch between bulk CdSe and ZnS (12.1%, considering a CdSe = 6.05 Å, ICSD card 620439, and a ZnS = 5.32 Å, ICSD card 41985). We also did not observe significant diffusion of atoms across the CdSe/ZnS interface. Indeed, taking the CdSe/ZnS with a 16 ML shell, the distribution of the elements in the NPLs was mapped using EDS in Figure 5e . The EDS elemental maps confirm the GPA results of the HR-TEM images, with Cd and Se concentrated in the core region, while Zn and S are distributed more evenly. Note that the latter is expected for a side-view of core/shell NPLs even in absence of Zn and S diffusion into the core, as we probe a significant part of the shell when viewing the central region.
As already shown in Figure 4 , by increasing the concentration of Zn-and S-precursors, the CdSe/ZnS core/shell NPLs yielded a strong red shift of the PL position. To gain more insight into the nature of this shift, we monitored the evolution of the PL properties by taking aliquots during a shell growth in toluene at 110°C (SI, Figure S8a ). For this reaction, we targeted a final ZnS thickness of 4 ML. We observed a rapid increase of the spectral position of the heavy-hole−electron transition to 547 nm after 10 min, followed by a more gradual shift in the subsequent 50 min, reaching finally 566 nm. For comparison, we also performed a room-temperature synthesis of CdSe/ZnS NPLs using c-ALD. The PL QE of such samples is lower in our case, with typical values of 0.5−4% (SI, Figure  S9) ; however, the room temperature growth in sequential steps yields more control over the final shell thickness. The initial shift observed in toluene at 110°C coincides with a 542 nm peak observed when 1 ML of ZnS is deposited using c-ALD (SI, Figure S8b ). Again, a further shift is observed when adding up to 10 ML of ZnS ( Figure 6 , black squares, and SI, Figure  S9 ), yielding a final red shift of 82 nm. The shift obtained for c-ALD agrees well with the shift of the CdSe/ZnS core−shell NPLs synthesized at higher temperature ( Figure 6 , blue triangles). As the c-ALD is executed at room temperature and the red shift in our procedure and the c-ALD are comparable, significant effects due to interface alloying can be excluded in both procedures. The results are not unique to 2D NPLs, as CdSe/ZnS QDs, synthesized using c-ALD and with a targeted thickness of up to 8 ML, also yielded a red shift of 35 nm ( Figure 6 , red dots, and SI, Figure S10 ). The smaller value obtained for QDs, however, highlights the advantage of 2D NPLs for tuning the band gap and PL spectrum over a wide range via a type-I ZnS shell.
While a quantitative description is beyond the scope of the current article, we can note some factors that may contribute to the red shift of the CdSe/ZnS band-edge absorption and emission. First, considering that the CdSe/ZnS NPLs show a strong red shift already when adding a single layer of S (see also SI, Figure S8b) , results suggest that, despite the type-I band alignment, the strong exciton confinement induced in 1.2 nm thick NPLs leads to an exciton delocalization into the ZnS shell and thus reduced quantum confinement along the transversal direction. Second, the PL red shift may be further induced by dielectric screening effects from the shell/ligand interface, leading to a reduction of the electron and hole self-energy. 49 A calculation of the exciton confinement energy as a function of the ZnS shell growth confirmed these trends. Within the framework of single-band k·p theory, we numerically calculated the electron and hole confinement energies and wave functions in the transversal direction, taking into account the finite CdSe/ ZnS band offset and the Coulomb self-polarization contribution that stems from the NPL/ligand dielectric contrast. 50 Then, following a variational procedure (see SI, theoretical section), we obtained the in-plane contributions to the exciton energy and wave function. These included the polarization of the Coulomb interaction owing to the dielectric mismatch 50 and the effects of the reduced dimensionality of the CdSe NPLs on the electron and hole effective masses. 49 The calculations yielded an electron and hole wave function tunneling into the ZnS shell (SI, Figure S11e ) and a consequent red shift of the emission wavelength with increasing shell thickness, in agreement with the experimental findings (Figure 6a, open  circles) . The larger magnitude of the red shift as compared to the CdSe/ZnS QDs (Figure 6 , dots) can be mainly ascribed to the 1.2 nm NPL thickness. Despite the large CdSe/ZnS band offset, the strong confinement in this dimension increases significantly the single particle band gap, promoting tunneling of the electron and hole into the shell. A more thorough analysis revealed, however, that the delocalization of the exciton into the ZnS shell is not sufficient to account for the strong PL red shift (SI, Figure S11a ). We found that the discontinuity of the dielectric screening at the NPLs surface further influences the electron and hole wave functions and associated exciton energy (SI, Figure S11d ), giving rise to (i) a notable increase of the calculated red shifts for each ZnS shell thickness, and (ii) an enhanced electron−hole correlation. Both effects stem from the extreme anisotropy of the NPL geometry. In the first case, such anisotropy hinders the mutual compensation of surface polarization and self-polarization terms, extensively reported for excitons in QDs. 56−59 This distinctive feature of NPLs explains their stronger PL red shift after shell growth as compared to QDs. Indeed, in NPLs, the attraction of the electron and hole image charges compensates only partially the dominating repulsive effect of single-particle self-energies. 60 The difference between these contributions decreases when the extreme anisotropy of the dielectric confinement is relieved by growing the ZnS shell and moving the NPL−ligands dielectric interface further out. The overall effect is a reduction of the (net) repulsive contribution of the dielectric effects as the ZnS shell grows thicker, and a concomitant PL red shift. In the second case, the weak in-plane confinement turns the exciton wave function very reactive against changes in the electron− hole interaction potential, which is highly influenced by the strong dielectric confinement in the transversal direction. The immediate consequences are large electron−hole overlaps (SI, Figure S11b −d) and thus short PL lifetimes. In this regard, the calculations predict a decrease of the overlap, up to 50%, as a function of the shell thickness (SI, Figure S11b ), which is a direct consequence of relaxing the transversal dielectric confinement. The calculations were corroborated by a measurement of the PL decay trace of samples with varying shell thickness (SI, Figure S7 and Table S2 ). In line with the reduced electron−hole overlap, after ZnS shell growth we observed an extension of the average PL decay time.
Finally, as already suggested by the XRD and HR-TEM data, due to the 1.2 nm CdSe NPL thickness and the large lattice mismatch between CdSe and ZnS, strain may also build up inside the CdSe core. The presence of strain in our structures is further apparent from a HAADF-STEM image for CdSe/ZnS core/shell NPLs (Figure 6b) , where we observed a bending of the CdSe/ZnS NPLs. Moreover, Fourier-filtered HR-TEM images (Figure 6c , CdSe/ZnS with a 2 ML ZnS shell) demonstrate that the CdSe and ZnS [100] crystal directions are slightly misaligned. These strain-induced CdSe lattice modifications and overall bending of the NPLs may cause a further correction to the PL red shift, the latter similar to the reduction of the band edge already observed in elastically bent CdS nanowires. 61 Next to the results presented above, the shell growth procedure can also be expanded to CdS and CdZnS shells. For instance, a CdS shell can be grown in toluene at 100−110°C, using only CdCl 2 and equimolar amount of CS 2 in the presence of TOP (SI, Figure S12 ). As the valence band offset is strongly reduced in CdSe/CdS core/shell NPLs, these samples displayed a significant red shift of the PL maximum, up to 620 nm when targeting a shell thickness of 6 ML (in line with the large red shift observed when applying a CdS shell by c-ALD, Figure 6 , green diamonds). However, when growing the shell with this procedure, CdS also nucleated on the edges of the CdSe NPLs as small clusters (SI, Figure S12c ). When applying a continuous injection synthesis in DCB at 150°C to deposit a CdS shell using also Cd(DDTC) 2 , these clusters progressed into thin CdS nanorods around the CdSe NPL edges (SI, Figure S12d ), similar to previously published results on 2D nanocrystals. 62 The best results were achieved by exchanging CdCl 2 for ZnCl 2 while keeping Cd(DDTC) 2 as the CdS single-source precursor (at a Cd:Zn ratio of 1:1). Applying again the continuous injection in DCB, we observed a stronger red shift of the PL compared to CdSe/ZnS NPLs (Figure 7 ), despite the inclusion of ZnCl 2 in the synthesis. The PL QE of these samples was raised to 58%. More importantly, the shell was deposited more homogeneously over the CdSe core ( Figure  7a ), possibly due to the reduced reactivity of ZnCl 2 compared to CdCl 2 , yielding a more controlled growth.
■ CONCLUSIONS
We demonstrated a robust procedure for coating CdSe NPLs with ZnS, CdS, and CdZnS, using toluene or DCB as a solvent. The procedure relies on a room temperature injection of precursors followed by heat up or by slow precursor injection at elevated temperatures, and the entire shell growth was performed under open air conditions, demonstrating that synthesis under N 2 atmosphere is not required to obtain highquality core/shell NPLs. Consequently, it should lend itself well to scale-up. HAAFD-STEM images yielded CdSe/ZnS NPLs with a shell thickness up to 9 ML. Our method yielded CdSe/ ZnS and CdSe/CdZnS NPLs with a PL QE up to 64% and 58%, respectively. Despite the type-I band alignment in CdSe/ ZnS core−shell NPLs, we observed a significant red shift after shell growth, which could be attributed to exciton delocalization into the ZnS due to strong vertical confinement in 1.2 nm thick CdSe NPLs, as well as a modification of the Coulomb interactions that reduces the electron and hole self-energy. The final samples show excellent stability under ambient conditions, which opens up the way toward practical photonic and optoelectronic applications of CdSe-based 2D NPLs.
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